ALEXANDER POLYAKOV, DMITRY GUNDEROV, VIL' SITDIKOV, RUSLAN VALIEV, IRINA SEMENOVA, and ILCHAT SABIROV Complex thermo-mechanical processing routes are often developed for fabrication of ultra-fine grained (UFG) metallic materials with superior mechanical properties. The processed UFG metallic materials often have to undergo additional metalforming operations for fabrication of complex shape parts or tools that can significantly affect their microstructure and crystallographic texture, thus further changing their mechanical properties. The development of novel thermo-mechanical processing routes for fabrication of UFG metallic materials or for further metalforming operations is very time-consuming and expensive due to much higher cost of the UFG metallic materials. The objective of this work is to perform physical simulation of hot rolling of UFG pure Ti obtained via severe plastic deformation and to analyze the effect of hot rolling on the microstructure, crystallographic texture, and hardness of the material. It is demonstrated that physical simulation of metalforming processes for UFG metallic materials can significantly reduce the amount of material required for development of processing routes as well as to increase the efficiency of experimental work.
I. INTRODUCTION
COMMERCIALLY pure (CP) Ti plays an important role in modern engineering since it has been widely used in aerospace, construction, and biomedical engineering due to good corrosion resistance, superior mechanical properties along with good machinability, weldability, and relatively low cost. [1] The progress in practical application has been determined by intensive research and development works on CP Ti. In recent years, much progress has been made in the studies of the ultra-fine grained (UFG) pure Ti for advanced structural and functional use associated both with the development of novel routes for fabrication of bulk UFG CP Ti using severe plastic deformation (SPD) techniques and with investigation of fundamental mechanisms leading to improved properties. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] This has also led to successful commercialization of UFG CP Ti in bio-medical engineering as a material for dental implants. [14, 15] These dental implants can be produced via simple mechanizing from the SPD-processed UFG Ti rods. [14] There is a strong demand from bio-medical industry for flat shape or more complex shape implants made from the UFG pure Ti. Additional metalforming operations are necessary to be applied to the SPD-processed UFG pure Ti in this case. However, these metalforming operations can significantly affect the microstructure and crystallographic texture of the UFG CP Ti and, thus change its properties. Therefore, the effect of thermo-mechanical processing on microstructure and texture of the UFG CP Ti should be carefully analyzed in order to accurately predict mechanical performance of final tools.
Recently, it has been demonstrated that combination of various processing methods such as equal channel angular pressing (ECAP) with rolling, [11, 16, 17] ECAP with swaging and drawing, [9] ECAP-Conform with drawing, [12] ECAP with forging and drawing, [7] twist extrusion with rolling, [18] etc., can lead to more effective grain refinement in CP Ti often resulting in the record strength properties of the material. [9, 12] The development of such complex thermo-mechanical processing routes for fabrication of the UFG CP Ti is usually based on numerous experimental trials and appears as a very time-consuming and expensive process that required significant amount of material. This is clearly seen from, [16] where whole ECAP-processed UFG CP Ti billets were used for development of the cold rolling route and further analysis of its effect on the microstructure, thermal stability, and mechanical properties of the material. In very recent years, it was demonstrated that there can be also significant effect of stress state on ductility of the material and the UFG metallic materials can show high bi-axial stretch formability sufficient for metalforming operations [19] [20] [21] even if they have very low tensile ductility under uni-axial loading conditions. [20] Thus, the UFG metallic materials have a potential for engineering applications where they need to undergo metalforming operations. Since these metalforming operations might significantly affect the microstructure and mechanical properties of UFG metallic materials (especially those carried out at elevated temperatures), development of processing path will take significant amount of experimental large-scale trials and long time, thus resulting in higher cost of final product. Physical simulation of metalforming processes using thermo-mechanical simulator could be a useful tool to minimize the amount of material for such experimental work as well as to increase the efficiency of experimental work, thus reducing its cost. [22] Physical simulation involves the exact reproduction of the thermal and mechanical processes in the laboratory, that the material is subjected to in the actual fabrication or during engineering application. [22, 23] A small sample of the real material is used in the physical simulation. The material is subjected to the same thermo-mechanical treatment that it undergoes in the full scale fabrication process or during its engineering application. [23] When the simulation is accurate, the outcomes can be readily transferred from the laboratory to the full size production process. The physical simulation allows an improvement of existing technology or development of a new one in a little time at a very low cost. [22, 23] The main objective of this work is to demonstrate that physical simulation of deformation processing of CP Ti can be a useful tool for development of the novel thermo-mechanical processing routes for fabrication of the UFG material as well as for development of the processing routes for further metalforming operations. Physical simulation of hot rolling of UFG CP Ti is performed in order to analyze the evolution of microstructure, crystallographic texture, and strength during hot rolling of the material.
II. MATERIAL AND PROCESSING
CP Ti (Grade 4) manufactured by Dynamet Inc. company (Washington, PA, USA) was chosen as a material for this investigation. The impurity content of the material was (wt pct) 0.36O, 0.14Fe, 0.04C, 0.006N, 0.0015H. The average grain size of the as-received material was~25 lm.
The billets having a length of 800 mm and a cross section of 15 mm 9 15 mm were subjected to equal channel angular pressing-Conform (ECAP-C) processing at 673 K (400°C) for 2 passes and for 10 passes using processing route B c (the sample is rotated by 90 deg after each ECAP-C pass always in the same direction). [24] ECAP-C processing is a relatively new modification of conventional ECAP technique. [25] In this process, the principle used to generate the frictional force to push a work-piece through an ECAP die is similar to the Conform process [26] while a modified ECAP die design is used so that the work-piece can be repetitively processed to produce UFG structures. Figure 1(a) illustrates the principle of the ECAP-C technique. A rotating shaft in the center contains a groove and the work-piece is fed into this groove. The work-piece is driven forward by frictional forces on the three contact interfaces with the groove so that the work-piece rotates with the shaft. However, the work-piece is constrained within the groove by a stationary constraint die and this die also stops the work-piece and forces it to turn at an angle by shear as in a regular ECAP process. This set-up effectively makes the ECAP process continuous. Other ECAP parameters, such as the die angle and the strain rate, can also be easily incorporated into the facility. It is characterized by higher efficiency and lower wastage of the material. [26] The angle of channels intersection was 120°that induced equivalent strain of~0.7 into billet per each ECAP-C pass. [24] III. EXPERIMENTAL PROCEDURES Samples having dimensions of 20 mm 9 15 mm 9 5 mm were cut out from the rods after 2 and 10 ECAP-C passes for further experimental work. Physical simulation of hot rolling was performed using a thermo-mechanical simulator GLEEBLE 3800 (Dynamic Systems Inc., Poestenkill, NY, USA). Plane strain compression testing is a versatile laboratory testing method for physical simulation of industrial hot working processes since it allows the measurement of the stress-strain behavior of metals and alloys at elevated temperatures to be carried out under controlled conditions of strain rate and temperature with constraint which are similar to those of industrial plate rolling. This technique has been used extensively to obtain information on a wide range of materials and hot working phenomena, though it has not been applied to the UFG metallic materials yet. [27] [28] [29] [30] [31] [32] Plane strain compression tests were carried out at 673 K (400°C) in 1, 2, and 3 steps with the total reduction ratio of 20, 40, and 60 pct, respectively. The break time between plane strain compression steps was 30 seconds which is relevant to that between rolling passes during material rolling. Plane strain compression tests were carried out at high strain rate relevant to that during hot rolling. Temperature during plane strain compression tests was controlled with accuracy of less than ±1 K (±1°C). The Z axis was the compression axis, the X direction was the rolling direction (RD), and the XY plane was the rolling plane ( Figure 1(b) ). True stress r during plane strain compression testing was calculated as [33] r
where F is the load, w the width of the anvils, and b the specimen width ( Figure 1(c) ). The true strain was estimated as, [33] e ¼ Ln h 0 h ; ½2
where h 0 is the initial thickness of the plate and h is the thickness of the plate during plane strain compression testing. The flow stress-strain curves obtained from plane strain compression testing (during first reduction) of the material in both conditions are presented in Figure 2 .
The microstructure was analyzed using optical and transmission electron microscopy (TEM) techniques. The processed rods were examined in 3 sections: those are cross section plane YZ, longitudinal section plane XZ, and rolling plane XY, as shown in Figure 1 (a). The analyzed areas are located in the midsection of the specimens where plain strain condition prevails. For optical metallography, the sample surface was polished mechanically and etched in chemical solution consisting of hydrofluoric acid-4 pct, perchloric acid-20 pct, and distilled water-76 pct. Samples for TEM studies were cut out by the electrospark method in XY, XZ, and YZ planes. After mechanical thinning down to 100 lm, they were subjected to electrolytic polishing using a 'Tenupol-5' set. Electropolishing was conducted using chemical solution consisting of perchloric acid-5 pct, butanol-35 pct, and methanol-60 pct in the temperature range of 248 K to 243 K (À25 to À30°C). The microstructure was investigated in a JEOL JEM 2100 TEM (Jeol, Tokyo, Japan) operating at an accelerating voltage of 200 kV. Observations were made in both the bright and the dark field imaging modes, and selected area electron diffraction (SAED) patterns were recorded from the areas of interest using an aperture of 1-lm nominal diameter.
Macrotexture measurements were performed using a Rigaku Ultima IV X-ray diffractometer (Rigaku, Tokyo, Japan) equipped with an automatic texture device. The measurements were made on the XY plane which is the 'rolling' plane (Figure 1(a) ), as this plane is usually analyzed for study of rolling textures. [34] The diameter of the measured area was~0.6 mm. Again, the areas located in the midsection of the tested specimens were analyzed. The experiment was conducted over the range of the radial angle c from 0 to 75 deg and azimuthal angle d from 0 to 360 deg. Consequently, a set of intensities of reflected X-rays P hkl (y) was obtained. The results of texture measurements are presented as complete pole figures for prismatic plane (10À10), basal plane (0001), and pyramidal plane (10À11). The pole figures were generated with the LaboTEX software (LaboSoft, Krakow, Poland).
To analyze the evolution of dislocation density during material processing, the XRD measurements were conducted using the Rigaku Ultima IV diffractometer. The measurements were made on the XY plane (Figure 1a) . To determine dislocation density, values of lattice parameter a, coherent domain size D, and elastic microdistortion level he 2 i 1/2 for the initial and tested plates were calculated via Rietveld refinement method using the MAUD software (Luca Lutterotti, Trento, Italy). [35] Dislocation density p was estimated using Eq. [3] [36]
where b is the Burgers vector (b = 2.95 9 10 À10 m, [37] ). The accuracy of estimation was ±5 pct.
The microhardness of the midsection of specimens was measured using a SHIMADZU HMV-2 microhardness tester (Shimadzu, Kyoto, Japan) equipped with Vickers diamond indenter under a load of 10 N and dwell time of 10 seconds. For each condition, 10 measurements were taken and the average value and standard deviation were calculated.
IV. RESULTS AND DISCUSSION

A. Evolution of Microstructure During Plane Strain Compression Testing of the UFG CP Ti
TEM analysis showed that a complex microstructure consisting of ultra-fine grains, subgrains, and cells is formed in CP Ti subjected to 2 ECAP-C passes (Figure 3(a) ). This microstructure is characterized by a high fraction of low angle grain boundaries and cell boundaries, as well as by enhanced dislocation density, 9.2 9 10 13 m À2 (Table I ). The size of grains, subgrains, and cells is in the range of 300 to 500 nm. It should be noted that such microstructures are typical for pure Ti subjected to low strain deformation via conventional ECAP technique. [2] [3] [4] [5] 12] Figure 3(b) illustrates the microstructure of pure Ti after 10 ECAP-C passes. It is seen that deformation to the high strain of e~7 led to formation of a homogeneous UFG microstructure mainly consisting of equiaxed grains having a size of 200 to 400 nm. Mainly high angle grain boundaries are observed in the microstructure (Figure 3(b) ). Dislocation density increased up to 4.1 9 10 14 m À2 (Table I) . It should be noted that similar microstructure evolution was observed during ECAP processing of CP Ti in earlier publications, [12, 17] though higher dislocation densities were reported for CP Ti subjected to ECAP-C processing at 473 K (200°C) in. [12] Higher ECAP-C processing temperature [673 K (400°C)] in our case promotes recovery of some mobile dislocations, thus decreasing dislocation density in the material. Figure 4 (a) illustrates the effect of plane strain compression testing on the microstructure of CP Ti subjected to two ECAP-C passes. No significant effect of plane strain compression testing on the microstructure of the material can be noted after deformation with the reduction ratio of 20 pct. The microstructure is similar to that observed in the 2 ECAP-C material (Figure 3(a) ), though the formation of first shear bands is seen (marked by solid white arrow in Figure 4(a) ). These shear bands are aligned at 45 to 55 deg with respect to the load axis. Extensive shear banding is seen in the samples subjected to plane strain compression testing with reduction ratio of 40 pct. Fragmentation of the elongated grains into subgrains via formation of low angle grain boundaries is observed (marked by dashed white arrow in Figure 4(b) ). No twinning is seen during plane strain compression of the 2 ECAP-C Ti. It was demonstrated in References 3, 38 that twinning is typically active in coarse-grained CP Ti during first ECAP pass, but suppressed when CP Ti is subjected to further ECAP processing independently on the ECAP route and strain is accommodated by dislocation glide. [3] No evidence of twinning was also seen in the UFG CP Ti after dynamic compression testing (_ e~4000 s À1 ) at 673 K (400°C) [39] and during cold rolling of UFG CP Ti. [40] The diffusion processes usually play an important role in plastic deformation of UFG metallic materials. [41] However, diffusion is also suppressed in our case due to high strain rate deformation. Thus, dislocation glide is the only mechanism operating during plane strain compression of the 2 ECAP-C and 10 ECAP-C UFG CP Ti. Continuous generation of dislocations during plane strain compression and absorption of these dislocations by low angle grain boundaries results in their further transformation into high angle grain boundaries with increasing compressive strain (up to reduction ratio of 60 pct) (Figure 4(c) ). It should be noted that similar effect was reported for CP Ti (Grade 2) subjected to ECAP processing at 723 K (450°C) in Reference 42 and CP Ti (Grade 4) subjected to ECAP-C processing at 523 K (250°C) in Reference 12.
Evolution of the microstructure in CP Ti subjected to 10 ECAP-C passes during plane strain compression testing is shown in Figure 5 . No significant effect of plane strain compression testing with reduction ratio of 20 pct on the microstructure is seen (Figure 5(a) ). Again, twinning is suppressed during plane strain compression testing of the 10 ECAP-C CP Ti. An increase of reduction ratio up to 40 pct and 60 pct leads to formation of shear bands (Figures 5(b) and (c) ). The localized plastic flow within those shear bands might lead to extra microstructure refinement due to formation of new low angle grain boundaries. Qualitative analysis of microstructure shows that much less shear bands are observed in the 10 ECAP-C Ti during plane strain compression. There is a significant body of experimental research showing that the UFG and nanostructured metallic materials are prone to (micro)shear banding during their plastic deformation. [43] [44] [45] Various mechanisms of shear banding in these materials were proposed. Those include localization of plastic deformation in coarse grains due to inhomogeneous microstructure, presence of second-phase precipitates and/or nanovoids, cooperative grain boundary sliding promoting shear banding, etc. [43] [44] [45] It can be hypothesized that the main mechanism of shear banding in our UFG CP Ti during plane strain compression is related to the inhomogeneous microstructure resulting in redistribution of local stresses that leads to localized plastic flow in the material. [44, 45] Extensive shear banding in 2 ECAP-C CP Ti having more homogeneous microstructure (Figure 3 ) speaks in favor of this assumption. Analysis of microstructure evolution in ECAP-C processed CP Ti during plane strain compression at 673 K (400°C) does not show any evidence of grain growth. A thorough study of recrystallization kinetics in UFG CP Ti after 2 to 10 ECAP passes revealed recrystallization temperature in the range of 901 K to 1038 K (628°C to 765°C) [46] which is well above our testing temperature. However, dynamic compression testing (_ e~4000 s À1 ) at 673 K (400°C) to strains of~60 to 70 pct using the Split Hopkinson pressure bar led to some grain growth in the UFG CP Ti (Grade 2) in, [39] that was related to adiabatic heating estimated at 353 K (~80°C). Our material has a higher content of impurities compared to those studied in, [39, 46] thus it is expected to have higher thermostability, since impurities can effectively reduce the grain boundary mobility. [47] It should be also noted that in our plane strain compression testing, the experimentally measured adiabatic heating did not exceed 19 K (19°C) in the 2 ECAP-C CP Ti and 20 K (20°C) in the 10 ECAP-C CP Ti.
B. Evolution of Texture During Plane Strain Compression Testing of the UFG CP Ti
As was already mentioned, deformation processing of CP Ti usually leads to formation of strong crystallographic texture. Figure 6 illustrates experimental pole figures for the prismatic plane (10À10), basal plane (0002), and pyramidal plane (10À11) for CP Ti after 2 ECAP-C passes (Figure 6(a) ) and after 10 ECAP-C passes ( Figure 6(b) ). The pole figures are characterized by developed deformation texture with the basal A {0001}h10À10i, B pyramidal {01À13}h10À10i, C {10À12}hÀ2À131i, and prismatic D {01À10}h10À10i components (marked on Figure 6(a) ). It is seen that the increase of the number of ECAP-C passes from 2 ( Figure 6(a) ) to 10 ( Figure 6(b) ) does not affect strongly the crystallographic texture of pure Ti leading to a slight change of position of texture maxima ( Figure 6 ). Particularly, the intensity of the texture maxima C {10À12}hÀ2À131i decreases whereas the intensity of the texture maxima B {01À13}h10À10i increases, and the intensity of the texture maxima A {0001}h10À10i remains constant indicating the importance of prismatic glide during ECAP-C processing. It should be noted that this evolution of crystallographic texture is relevant to that observed during conventional ECAP processing of CP Ti (grade 2) at 723 K (450°C). [48] Evolution of crystallographic texture during plane strain compression testing of pure Ti after 2 and 10 ECAP-C passes is illustrated in Figures 7 and 8 , respectively. It is seen that the plane strain compression testing leads to breaking up the crystallographic texture formed during ECAP-C processing. At the early stages of plane strain compression testing of the 2 ECAP-C passes samples, the intensity of the texture maxima {0001}h10À10i increases. The intensity of the texture maxima D {01À10}h10À10i decreases with increasing compression strain (Figure 7 ). In the 10 ECAP-C samples, the intensity of the prismatic D {01À10}h10À10i component, C pyramidal {10À12}hÀ2À131i component, and {1À104}hÀ2201i component dramatically decreases with increasing compression strain (Figure 8 ). Plane strain compression testing with the total reduction strain of 60 pct (3 reduction steps) results in formation of the pyramidal {À13À21}h0À113i component (Figure 8) . The tendency to formation of hot rolling texture during plane strain compression testing of the ECAP-C processed CP Ti can be noted (Figures 7 and 8 ). [34, 49] As is well known, the formation of crystallographic texture in HCP metals is determined by mechanisms operating during their plastic deformation. [50] In the present case, combination of prismatic slip and pyramidal slip results in formation of the textures with basal poles tilted away from the normal direction toward the transversal direction as observed in Figures 7 and 8 . It was reported that multiple twinning of a single grain can lead to appearance of {À13À21}h0À113i component during hot rolling of CP Ti. [51] However, no twins were observed in the microstructure of ECAP-C-processed CP Ti after plane strain compression with 60 pct (Section IV-A). It should be noted that the {À13À21}h0À113i component has very low intensity in these samples (Figures 7 and 8 ) that indicates their very low fraction, so the twins can be missed in TEM analysis. Figure 2 illustrates flow stress-strain curves from plane strain compression testing of CP Ti after 2 and 10 ECAP-C passes during the first reduction test. It is seen that CP Ti after 10 ECAP-C passes shows bỹ 10 pct higher flow stress compared to CP Ti after 2 ECAP-C passes. This is related to the finer microstructure developed in the material after 10 ECAP-C passes.
The material in both conditions shows significant work hardening during plane strain compression testing. The true stress tends to increase with increasing cumulative compression strain. This can be rationalized based on the results of the microstructure analysis and dislocation density evolution during plane strain compression testing. Formation of new low angle grain boundaries and increase of dislocation density during plane strain compression (Table I) lead to additional dislocation strengthening in the material, [52] whereas transformation of low angle grain boundaries into high angle grain boundaries further reduced grain size and, thus results in additional grain size hardening [53, 54] (Section IV-A). The results of microhardness measurements are presented in Figure 9 . It is clearly seen that the 10 ECAP-C samples show higher microhardness compared to the 2 ECAP-C samples due to more refined microstructure resulting in higher strength (Section IV-B). Microhardness in both samples increases with increasing reduction ratio. This increase is remarkable at low reduction ratios (20 to 40 pct), and after the second reduction (40 pct) the microhardness tends to saturate at~350 Hv in the 2 ECAP-C samples and at~360 Hv in the 10 ECAP-C samples. It should be noted that the microhardness increase during plane strain compression testing is more significant in the 2 ECAP-C samples and the plane strain compression testing negates the difference in microhardness between 2 ECAP-C and 10 ECAP-C samples. This is in a good accordance with the microstructural observations showing more significant grain refinement in the 2 ECAP-C samples during plane strain compression testing (Section IV-A). A good correlation between the results on the microhardness measurements (Figure 9 ) with the flow stress -strain curves obtained from plane strain compression testing (Figure 2) should be also noted.
D. Advantages of Application of Physical Simulation for Development of Thermo-mechanical Processing Routes for the UFG Metallic Materials
The present results clearly demonstrate that application of physical simulation can significantly reduce the amount of expensive material required for experimental trials as well as to increase the efficiency of experimental work. Small specimens having dimensions of 20 mm 9 15 mm 9 5 mm cannot be used for development of the optimum hot rolling routes via standard 'error and trial' approach since small specimens are easily cooled down straight after removal from the furnace before undergoing hot rolling process, and thus the specimen temperature cannot be controlled. Therefore, large bars of UFG CP Ti having a diameter of 40 mm and a length of 200 mm were used in Reference 16 for development of secondary hot rolling processing route. A simple calculation (based on comparison of volumes required per one trial in physical simulation and in standard approach) shows that application of physical simulation reduces the volume of expensive UFG CP Ti required per one trial by >150 times. This, in turn, dramatically reduces time required for fabrication of the UFG material and related costs. Physical simulation allows to precisely control the temperature [with accuracy of ±1 K (±1°C)] in sample during plane strain compression, which is very important for intelligent microstructural design in UFG metallic materials to achieve enhanced mechanical, physical, and functional properties. Another advantage of application of physical simulation is ability to precisely predict the adiabatic heating during hot rolling. The adiabatic heating from the rolling deformation can also significantly affect the microstructure evolution and final properties in the UFG metallic materials after rolling.
Precise data on the stress-strain behavior of the UFG metallic materials obtained from plane strain compression testing in the thermo-mechanical simulator can be utilized for prediction of the load on mills in order to avoid any damage of rolling mill. As is well known, the UFG metallic materials can demonstrate superior mechanical strength and fcc UFG metals can show enhanced strain rate sensitivity [55, 56] resulting in extremely high flow stresses if they are deformed at high strain rates (as in the case of rolling operations). Appropriate processing parameters such as rolling temperature and reduction ratio can be obtained from the data on the microstructure, texture, and hardness evolution obtained from the analysis of the specimens after plane strain compression testing. The results thus obtained from physical simulation can be readily transferred into larger fabrication scale. V. SUMMARY Ultra-fine grained (UFG) commercially pure (CP) Ti was processed via equal channel angular pressing Conform (ECAP-C) at 673 K (400°C) for 2 and 10 passes resulting in formation of UFG microstructure. Physical simulation of hot rolling of the UFG CP Ti is performed via plane strain compression testing using thermo-mechanical simulator GLEEBLE 3800. Evolution of the microstructure and crystallographic texture of the CP Ti during plane strain compression testing is studied. Plane strain compression testing leads to further refinement of the microstructure (when it is deformed to high compressive strains), breaking up the as-ECAP-C crystallographic texture, and formation of the texture similar to that developed during hot rolling, as well as to further increase of the materials hardness. It is demonstrated that physical simulation of metalforming processes for the UFG metallic materials can significantly reduce the amount of material required for development of processing routes as well as to increase the efficiency of experimental work to be carried out.
